Introduction
The characteristics of the diffusive-thermal instability of nonpremixed tubular flame have been extensively investigated by experiments and numerical simulations with various burners [1] [2] [3] [4] [5] . In general, the diffusive-thermal instability of nonpremixed tubular flame occurs near the extinction limit when the Lewis number of fuel is less than unity. At the vicinity of extinction, small perturbations can induce alternating locally-weak and strong reaction regions of the tubular flame, subsequently leading to the formation of flame cells. This is primarily attributed to unbalance between the energy gain by fuel mass flux and the loss of heat from the flame's point of view. Temperature at the edge of a flame cell becomes higher than that at the middle part of it due to the strong focusing effect of fuel mass flux at the edge. Due to the same reason, the flame cells can survive beyond 1-D flame extinction limit [5] . In the present study, the instability characteristics of opposed nonpremixed tubular flames and the flame cell dynamics are investigated using 2-D high-fidelity numerical simulations together with the conventional linear stability analysis.
Numerical methods and initial conditions
First, 1-D non-dimensional governing equations of temperature and mass fractions of fuel and oxidizer in the radial direction are formulated with constant density assumption, which are given by:
where the boundary conditions are as follows:
The radial velocity ur is given by [ . Le F of 0.3 is also specified to induce the cellular instability of the tubular flames near the extinction limit as in experiments.
Simultaneous algebraic equations obtained by discretizing Eq. (1) with the finite difference method for a given Da are solved by a Newton-Raphson method and then, the solutions at different Da are solved with a simple continuation method. Figure 1 
To perform 2-D simulations, two different initial conditions (IC) are used to identify characteristics of cellular instability and dynamics with different initial states. . For the Cshpaed IC, two solutions of reacting and nonreacting flows at the same Da are smoothly merged using Eq. (4). This IC is used to simulate the effect of finite amplitude of perturbations on the evolution and dynamics of flame cells. -order Runge-Kutta method for time integration method are used with the massage passing interface (MPI) for parallel computing [7] . On the boundaries, Dirichlet conditions are specified in the radial direction and periodic conditions are imposed in the azimuthal direction. The grid of 400×1200 for the radial and azimuthal directions is used, and the time step is 10 
(d).
The detailed dynamics of this cellular flame will be discussed later in section 5. As Da is decreased, the number of flame cells is suddenly increased to 5, 7, and 8 while the maximum temperature of the cells is larger than that of 1-D case. As Da is further decreased from 18900, 16300, and 14350 for ,1 ,2 1, 2, and 4 r r u u  similar to the procedure in experiments [2, 3] , it shows the same tendency with previous cases down to the extinction limit. However, 2-D extinction limit is greatly extended up to Da = 7690, 6860, and 6000, respectively. At the regime of Da < Da E , the temperature of tubular flame is increased continuously with decreasing Da and the flame cell number remains the same.
Linear stability analysis
Linear stability of Eq. (1) is investigated by the linear stability analysis [6] to figure out the relation between the linear instability characteristics of 1-D flames and the instability of 2-D tubular flames. For linear stability analysis, the temperature and species mass fractions can be defined by a summation of the mean solution variables and perturbation in radial, azimuthal direction, and time:
where the bar denotes the mean of variables, ε is a small quantity related to perturbation, λ is the amplification factor in time, and k is the wavenumber in the azimuthal direction. Substituting Eq. (5) into Eq. (2) yields the following equations: Equation (6) is discretized by the finite difference approximation, which leads to an eigenvalue 
In this case, S d is evaluated at the intersection of Y F =0.0765 isoline and the stagnation plane. For a case using C-shaped IC at Da = 18900 with ,1 ,2 1 r r u u  , two edge flames developed form the initial condition propagate towards each other as shown in Fig. 6 . At the steady state, however, they stand still at a short distance instead of merging to form a steady tubular flame. Figure 7 shows the temporal evolution of the displacement speed and its components. It is readily observed from the figure that after two edges are developed from the initial condition, they propagate toward each other with constant S d . As they approach each other, S d is decreased and finally vanishes when they stop propagation. When the two edges come to a stop, the reaction in S d balances the diffusion as can be expected.
Conclusions
The characteristics of diffusive-thermal instability of opposed nonpremixed tubular flame were investigated with high-fidelity numerical simulations and linear stability analysis. 
